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Abstract Gastroesophageal reflux disease (GERD),
especially reflux esophagitis (RE), is characterized by
excessive esophageal acid exposure. Transient lower
esophageal sphincter (LES) relaxation is the major mech-
anism of acid reflux episodes in both healthy subjects (HS)
and patients with GERD. In the sitting position, where acid
reflux episodes often occur, there is no difference in the
frequency of transient LES relaxations between these two
groups; however, in patients with GERD, at 5 cm above
the LES, the proportion of acid reflux episodes during
transient LES relaxations is significantly greater than in the
HS group. This difference is considered to be one of the
causes of excessive esophageal acid exposure in patients
with GERD, but its cause is still unclear. A recent study,
which investigated the proportion of acid reflux episodes
during transient LES relaxations at 2 and 7 cm above the
LES, showed that there was no difference at 2 cm above
the LES between HS and patients with RE, but at 7 cm
they were significantly greater in patients with RE than in
HS. Evaluation of acid reflux at 2 cm above the LES is
difficult to measure, but the proximal extent of refluxate
could be one of the important factors of excessive acid
esophageal exposure in patients with RE. Ineffective
esophageal motility, found in patients with moderate to
severe RE, impairs esophageal bolus clearance of acid,
therefore both the proximal extent of refluxate and the
delay of esophageal bolus clearance of acid could be major
causes of excessive esophageal acid exposure. Hiatus her-
nia also causes acid reflux, due to its association with
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hypotensive LES, and also impairs esophageal bolus
clearance of acid.
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Introduction

Acid gastroesophageal reflux is a physiological event and
even healthy subjects have several acid reflux episodes per
day, but they do not have reflux esophagitis (RE). Several
24-h pH monitoring studies have shown that most patients
with RE have more esophageal acid exposure than healthy
subjects; therefore, it has been suggested that excessive
esophageal acid exposure plays an important etiologic role
in RE [1-5]. The two factors that influence esophageal acid
exposure are (i) the frequency of acid reflux episodes and
(ii) the length of time it takes to restore esophageal pH to
normal after they occur. In addition, it has been reported
that esophageal acid exposure is greater in gastroesopha-
geal reflux disease (GERD) patients with hiatus hernia than
in those without [6]; therefore, it has become evident that
presence of hiatus hernia can contribute to excessive
esophageal acid exposure. This review summarizes the role
of excessive esophageal acid exposure in patients with
GERD, including the effect of hiatus hernia on esophageal
acid exposure.

Mechanisms of acid reflux episodes

Transient lower esophageal sphincter (LES) relaxation,
i.e., LES relaxation not induced by swallowing, is the
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major mechanism underlying acid reflux episodes in both
healthy subjects and patients with GERD [1-9]. In healthy
subjects, the proportion of acid reflux episodes attributed
to transient LES relaxations ranges between 80% and
100% [1-5, 7-9]. In patients with GERD, however, tran-
sient LES relaxation accounts for approximately 70% of
acid reflux episodes [1-5, 7-9]. The remaining 30% occur
during swallow-induced LES relaxation, persistently
absent basal LES pressure, and straining from deep
inspiration or increased intra-abdominal pressure in
patients with GERD.

Approximately 90% of RE in eastern Asia, including
Japan, is mild [10, 11]; however, very little has been
reported on the mechanism of acid reflux episodes in
patients with mild RE [1, 5]. Reports have shown that the
main mechanism underlying an acid reflux episode in
patients with mild RE is a transient LES relaxation and that
very few acid reflux episodes occur during persistently
absent LES pressure or straining. Therefore, acid reflux
episodes that occur during persistently absent LES pressure
and straining are the only mechanisms which can be
observed in severe RE.

Esophageal
manometric

recording

Esophageal pH

Transient LES relaxations

Transient LES relaxation (Fig. 1) is the single most com-
mon mechanism underlying acid reflux episodes and it is
also the mechanism underlying the reflux of gas from the
stomach [12], which is presumably a normal physiological
mechanism for venting swallowed air from the stomach.
Transient LES relaxation causes an abrupt decrease in LES
pressure to the level of intragastric pressure, but it is not
triggered by swallowing. A transient LES relaxation is
typically of longer duration (lasting 1045 s) than a swal-
low-induced LES relaxation (5-8 seconds), but the occur-
rence of transient LES relaxation is not related to basal
LES pressure [13]. The criteria that have proved optimal
for the definition of transient LES relaxation are (i) absence
of a pharyngeal swallow signal for 4 s before, to 2 s after,
the onset of an LES relaxation, (ii) LES pressure decrease
of >1 mmHg/s, (iii) time from onset to complete relaxation
<10 s, and (iv) nadir pressure of <2 mmHg. Excluding
LES relaxation, which is associated with multiple swal-
lows, a decrease in LES pressure of <2 mmHg lasting for
>10 s can also be classified as a transient LES relaxation,

swallow

recording at5cm
above LES

Fig. 1 High-resolution 21-channel perfused manometric and pH
recordings at 5 cm above the lower esophageal sphincter (LES) in an
individual with severe reflux esophagitis. Time is on the x-axis and
distance from nares is on the y-axis. A computer program was used to
code and record pressures over time for each channel, as outlined in
vertical color coding on the right-hand side of the figure. Anatomical
landmarks, motor events, and acid reflux are labeled on the figure; an
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LES relaxation of approximately 30 s can be seen. There is no
pharyngeal swallow signal from 4 s before, to 2 s after, the onset of
LES relaxation; therefore, this LES relaxation is a transient LES
relaxation. During a transient LES relaxation, regular increases of
diaphragmatic hiatal pressure, due to diaphragmatic contractions
during inspiration, cannot be seen and acid reflux can be seen
approximately 10 s after a transient LES relaxation
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irrespective of the time taken from LES relaxation to
swallowing.

The most important associated event that occurs during
a transient LES relaxation is inhibition of the crural dia-
phragm [14], as this is essential for acid reflux to occur.
While isolated LES relaxation is induced by pharyngeal
stimulation, it is characteristically not associated with
diaphragmatic inhibition and consequently not usually
accompanied by an acid reflux episode [15].

Factors influencing the frequency of transient LES
relaxations

The frequency of transient LES relaxations is influenced by
a number of factors. The most important stimulus appears
to be gastric distention [2, 11, 16, 17], and the most sen-
sitive region of the stomach for initiating this response is
adjacent to the gastric cardia [18]. Food is also a major
stimulus for transient LES relaxation, but despite the
clinical observation that high-fat food provokes reflux
symptoms, its effect on patterns of acid reflux episodes has
yielded conflicting results, and no significant effect that
relates to the frequency of transient LES relaxations has
been shown [19, 20]. Although other food and beverages
such as chocolate, onions, wine, beer, and coffee have been
reported to increase esophageal acid exposure, their effect
on the frequency of transient LES relaxations has not been
studied, and besides, it is also possible that hiatus hernia
may have an effect on the frequency of transient LES
relaxations. With regard to the frequency of transient LES
relaxations in patients with hiatus hernia, preliminary data
suggest that hiatus hernia may be responsible for increased
triggering of transient LES relaxation during gastric
insufflation with gas [21]; however, another study, which
looked at spontaneous acid reflux episodes in patients with
hiatus hernia, showed that there is no difference in the
frequency of transient LES relaxations in patients with
GERD, irrespective of whether or not hiatus hernia is
present [6]. In that study, however, the percentage of
patients with mild RE or nonerosive reflux disease was
different for each group; therefore, no adequately powered
single study has yet been specifically designed to evaluate
the difference in the frequency of transient LES relax-
ations. In order to determine whether or not presence of
hiatus hernia does have an effect on the frequency of
transient LES relaxations, a study should be carried out
according to the presence or absence of RE. When evalu-
ating this issue, patients with RE should be of the same
grade if they are included in the study.

Transient LES relaxations can also be inhibited by
several factors: (i) they are substantially suppressed while
in the supine position [12, 22] and (ii) they do not occur

during stable sleep [9]. Acid reflux episodes that occur
during nighttime sleep periods are totally confined to
periods of arousal, which may last for up to 10 s [9, 23].
Stress from cold has also been shown to reduce the fre-
quency of transient LES relaxations [24] and it has been
found that, in dogs, spontaneous transient LES relaxation is
completely suppressed by general anesthesia [25].

Frequency of transient LES relaxations in patients
with GERD

GERD, especially RE, is characterized by excessive
esophageal acid exposure. Considering the fact that tran-
sient LES relaxation is the major mechanism underlying
acid reflux episodes, it is thought that either the frequency
of transient LES relaxations is higher or that the pro-
portion of acid reflux episodes during transient LES
relaxations is greater; however, whether or not the former
is the case in GERD is still unclear. To date, few studies
that included more than 10 healthy subjects and 10
patients with GERD have directly compared the fre-
quency of transient LES relaxations in GERD patients
with that of healthy subjects, and some studies have
shown a higher frequency [2, 7, 19], whereas others have
not [4, 5, 8, 26-29] (Table 1). The reason for the apparent
discrepancy between studies is not entirely clear, but a
likely factor influencing the frequency of transient LES
relaxations is posture, because as mentioned above,
transient LES relaxation is substantially suppressed while
in the supine position. The right lateral position is asso-
ciated with more frequent transient LES relaxations and
therefore there is increased likelihood of acid reflux epi-
sodes occurring while in this position than in the left
lateral position. Studies that have shown a significant
difference in the frequency of transient LES relaxations
have been carried out with subjects in the right lateral
position [2, 7, 19], but the studies which found no dif-
ference were carried out with subjects either in the sitting
[4, 5, 28, 29] or supine position [26, 27]. Patients with
GERD appear to have a subtle defect in postural sup-
pression, which may be more apparent in the right lateral
position than in the supine position [30]. With regard to
the frequency of transient LES relaxations in the sitting
position, all studies showed the same result; therefore, the
frequency of transient LES relaxations in both patients
with GERD and healthy subjects would appear to be
similar. Considering that acid reflux episodes occur often
during the postprandial period in the sitting or upright
position, the frequency of transient LES relaxations seems
not to have an effect on excessive esophageal acid
exposure. Another factor involved in the frequency of
transient LES relaxations is obesity. It has been reported
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Table 1 Frequency of transient lower esophageal sphincter (LES) relaxations

Posture

References

Frequency of transient LES relaxations

Control

Recumbent (unspecified)
Recumbent (supine)
Recumbent (supine)

Recumbent (right lateral)
Recumbent (right lateral)
Recumbent (right lateral)

Mittal et al. [8]
Trudgill et al. [26]
Wong et al. [27]

Dodds et al. [7]
Holloway et al. [2]
Holloway et al. [19]

24.8 (0.4)/180 min

3.0 (0-8)/60 min

1.0 (1.3)/60 min

24.1/12 h
1 (0-1)/60 min
3 (2-4)/30 min

Sitting Sifirim et al. [28] 7.5 (6-11)/60 min

Sitting Iwakiri et al. [4] 4.5 (3.7-5.7)/60 min
Sitting Hayashi et al. [29] 5.0 (4.3-6.3)/60 min
Sitting Iwakiri et al. [5] 6.7 (5.3-8.0)/60 min

GERD

22.5 (2.4)/180 min Mean (SE) NS
(GERD pts)

2.5 (0-9)/60 min Median (total range) NS
(GERD pts)

1.3 (0.3)/60 min Mean (SE) NS
(NERD and RE pts)

34.4/12 h (RE pts) Mean Significant

5 (2-6)/60 min (RE pts) Median (interquartile range) Significant

4.5 (2-11)/30 min Median (interquartile range) Significant
(RE pts)

7.5 (5-10)/60 min Median (interquartile range) NS
(RE and BE pts)

5.0 (3.3-6.7)/60 min Median (interquartile range) NS
(severe RE pts)

4.7 (3.3-5.7)/60 min Median (interquartile range) NS
(severe RE pts)

5.3 (4.3-6.0)/60 min Median (interquartile range) NS

(severe RE pts)

GERD gastroesophageal reflux disease, RE reflux esophagitis, NERD nonerosive reflux disease, BE Barrett’s esophagus, NS not significant

Table 2 Proportion of acid reflux episodes during transient lower esophageal sphincter relaxations (TLESRs) at 5 cm above the LES

Posture References % TLESRs with acid reflux episodes
Control GERD

Recumbent (unspecified) Mittal et al. [8] 37 65 (RE pts) Significant
Recumbent (supine) Trudgill et al. [26] 37 65 (GERD pts) Significant
Recumbent (supine) Wong et al. [27] 55 60.7 (NERD and RE pts) NS
Recumbent (right lateral) Dodds et al. [7] 34 66 (RE pts) Significant
Recumbent (right lateral) Holloway et al. [2] 50 68 (RE pts) Significant
Recumbent (right lateral) Holloway et al. [19] 52 65 (RE pts) Significant
Sitting Sifirim et al. [28] 34 68 (RE and BE pts) Significant
Sitting Hayashi et al. [29] 9 43 (severe RE pts) Significant

GERD gastroesophageal reflux disease, RE reflux esophagitis, NERD nonerosive reflux disease, BE Barrett’s esophagus, NS not significant

that patients with GERD who are also obese have a rel-
atively greater number of transient LES relaxations than
healthy subjects [31].

Proportion of acid reflux episodes during transient LES
relaxations in patients with GERD

Transient LES relaxations are not always accompanied by
acid reflux episodes. In almost all studies [2, 7, 8, 19, 26,
28, 29], the proportion of acid reflux episodes during
transient LES relaxations at 5 cm above the LES has been
shown to be significantly greater in patients with GERD
than in healthy subjects (Table 2).

@ Springer

A study carried out in Japan showed that the proportion
of acid reflux episodes during transient LES relaxations at
5 cm above the LES was around 10% in healthy subjects
and around 40% in patients with severe RE [29]. Compared
with the values of other studies from mainly Western
countries, these are very low. In Japan, the prevalence of
Helicobacter pylori infection increases with age, reaching
70-80% in those born before 1950 [32], but as a result of
Helicobacter pylori infection, gastric acid secretion
decreases with age. In addition, it has been reported that
the maximum gastric acid output levels in the Japanese
population have increased over the past 20 years [33];
however, the levels in the Japanese population are still
low compared with levels in Western populations [34].
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Helicobacter pylori infection and the subsequent lower
level of gastric acid output in the Japanese population may
be the reason that the frequency of acid reflux episodes
during transient LES relaxations is very low in the Japa-
nese population compared with in Western populations.

Possible causes of the difference in the proportion of
acid reflux episodes during transient LES relaxations
between patients with GERD and healthy subjects

The proportion of acid reflux episodes during transient LES
relaxations, at 5 cm above the LES, in patients with GERD,
is significantly greater than that in healthy subjects, and it
is clear that this difference is one of the factors responsible
for excessive esophageal acid exposure in patients with
GERD. However, the mechanism underlying the difference
between the groups is still not clear.

In a recent study [4], which investigated the proportion
of acid reflux episodes during transient LES relaxations in
the sitting position, in patients with severe RE and healthy
subjects, at 2 and 7 cm above the LES, it was reported that
there was no difference between the groups in the fre-
quency of transient LES relaxations or in the proportion of
acid reflux episodes during transient LES relaxations, at
2 cm above the LES. At 7 cm above the LES, however, in
patients with severe RE, this was significantly greater than
that in healthy subjects. These findings suggest, therefore,
that the difference between the groups is not the proportion
of acid reflux episodes during transient LES relaxations but
rather that it is the proximal extent of refluxate that is
of importance. Therefore, in patients with severe RE,

Fig. 2 Proportion of acid reflux

2cm above the proximal margin of the LES

refluxate comes up more easily to the proximal esophagus
compared with in healthy subjects.

In a subsequent study using the same protocol, the
proximal extent of acid refluxate in healthy subjects and
patients with both mild and severe RE was investigated [5].
The frequency of transient LES relaxations was similar in
the 3 groups and the proportion of acid reflux episodes
during transient LES relaxations at 2 cm above the LES
was also similar in these groups. This is in line with the
previous study (Fig. 2). At 7 cm above the LES, however,
the proximal extent of acid refluxate was greater in patients
with RE than in healthy subjects, and this difference was
related to the severity of RE (Fig. 2). Considering these
results, the reason for the difference in the proportion of
acid reflux episodes during transient LES relaxations at
5 cm above the LES in healthy subjects and patients with
mild and severe RE was not the proportion of acid reflux
episodes during transient LES relaxations but rather whe-
ther or not refluxate comes up to the proximal esophagus.
To date, the amount of acid reflux and esophageal bolus
clearance of acid were thought to be the major factors
causing excessive esophageal acid exposure in GERD.
These results suggest that the proximal extent of acid re-
fluxate might also be a very important factor in excessive
acid esophageal exposure in patients with GERD. The
factors responsible for the proximal extent of acid refluxate
have not yet been identified.

The focal point of these studies is the position of the pH
electrode, because there is the possibility that, if the pH
electrode is placed just above the LES, it will drop into
the stomach as a result of esophageal shortening after a
transient LES relaxation. In these studies [4, 5] the pH
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electrode was placed at 2 cm above the proximal margin of
the LES, which meant that it was located 50-70 mm above
the bottom of the LES, because the length of the LES is
about 30-40 mm. It has been reported that median
esophageal shortening after a transient LES relaxation is
1.67 cm (IQR 1.0-2.4 cm) [35]. Even if the 75 percentile
esophageal shortening occurs after a transient LES relax-
ation, the position of the pH electrode would still be at 2.4—
4.6 cm above the bottom of the LES, which would be
correctly positioned within the LES. In addition, the rela-
tionship between the position of the pH electrode and the
LES was checked during the study using high-resolution
manometry. In these studies, therefore, it would be less of a
possibility that the upward motion of the LES that occurs
during transient LES relaxations would carry the pH
electrode down into the stomach.

Persistently absent basal LES pressure

Even though transient LES relaxation is the major mech-
anism of an acid reflux episode, low LES pressure is also
an important mechanism. In the presence of low LES
pressure, an acid reflux episode is thought to occur either
freely from the stomach into the esophagus or during
periods of abdominal strain. Prolonged monitoring of pat-
terns of LES pressure in both stationary and ambulatory
patients has shown that persistently absent basal LES
pressure is responsible for only a small proportion of acid
reflux episodes. This mechanism appears to be confined
mainly to patients with severe RE and rarely occurs in
patients with mild RE and nonerosive reflux disease [1, 5].
In fact, it has been reported that basal LES pressure in

patients with mild RE and nonerosive reflux disease is
similar to that in healthy subjects [5, 36].

The reason for low LES pressure is not entirely clear. It
is possible, however, that it is due to primary myogenic or
neurogenic failure of the LES muscle, but even though
there are no definitive data to prove this, it is entirely
possible that low LES pressure is secondary to acid-
induced damage to the LES muscle. Animal experiments
have shown that instillation of acid into the esophagus of a
cat results in a decrease in LES pressure [37]. However,
treating esophagitis with proton pump inhibitor does not
improve LES pressure in patients with RE; the reason may
be that acid-induced damage causes permanent and irre-
versible alteration to the contractile apparatus of the LES
muscle.

Esophageal peristalsis in patients with GERD

Esophageal peristalsis plays a key role in the clearance of
refluxed acid from the esophagus. Esophageal bolus
clearance of acid is a two-step process of bolus clearance
and acid neutralization [38, 39]. If a 15-ml, or smaller,
bolus of acid is instilled into the esophagus, the majority of
the acid can be cleared from the esophagus into the
stomach by a peristaltic contraction of the esophagus; the
remainder of the acid, lining the esophagus mucosa, is
neutralized by saliva traversing the esophagus during
subsequent swallow-induced peristaltic contractions. It
takes seven to ten swallows, following esophageal acidifi-
cation, to restore the esophageal pH to normal—between
5 and 7. Hypotensive and failed peristalsis are ineffective
in clearing acid from the esophagus [40, 41].
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In a recent study [42], which measured esophageal
contractions at 3, 8, 13, and 18 cm above the LES in
healthy subjects and patients with RE of grades A or B and
grades C or D Los Angeles (LA) classification, the
amplitude of the esophageal contraction at 8 and 3 cm
above the LES in patients with grade C or D was signifi-
cantly lower than that of healthy subjects and patients with
grades A or B (Fig. 3). This study also showed that the
amplitude of an esophageal contraction in patients with
grade B was significantly lower than that of patients with
grade A (Fig. 3). The frequency of primary peristalsis in
patients with grade C or D was significantly lower than that
of healthy subjects and patients with grades A or B. It is
therefore suggested that bolus clearance of acid from the
esophagus in patients with grade C or D is worse than that
of healthy subjects and patients with grades A or B.
Delayed esophageal bolus clearance of acid in patients with
grade C or D is one of the causes of excessive acid
esophageal exposure. The difference in the definition of the
LA classification between grades A or B is the length of
the mucosal break: less than 5 mm (grade A) and more
than 5 mm (grade B). In this study, the sole difference
between grades A or B was the mean esophageal con-
traction amplitude at 3 cm above the LES; therefore, a
longer mucosal break may reflect the amplitude of the
esophageal contraction.

In patients with GERD, secondary peristalsis is also
impaired; therefore, it is considered that dysfunction of
secondary peristalsis also has an effect on excessive
esophageal acid exposure [36, 43].

Whether or not esophageal peristaltic dysfunction is a
primary defect or a secondary result of acid-induced
esophagitis is not clear, but in animal experiments, acid
injury to the esophagus can impair esophageal contractions
[37]. The successful treatment of esophagitis, however, is not
accompanied by an increase in low contraction amplitude.

Hiatus hernia

Hiatus hernia is seen more frequently in patients with RE
than in those without [44-48], and several studies have
shown a correlation between hiatus hernia and severity of
RE [49-51]. Furthermore, it has been reported that esoph-
ageal acid exposure is higher in those with RE than in those
without; therefore, these findings suggest that presence of
hiatus hernia can contribute to excessive esophageal acid
exposure. As mentioned above, whether or not the frequency
of transient LES relaxations increases in patients with hiatus
hernia is still not clear. In a study looking at spontaneous
acid reflux episodes in patients with hiatus hernia who also
had GERD it was reported that an increased number of acid
reflux episodes were associated with low LES pressure,

swallow-associated normal LES relaxations, and straining
during periods of low LES pressure [6], which suggests that
low LES pressure contributes to acid reflux episodes in
patients with hiatus hernia who also have GERD. It is evi-
dent that basal LES pressure is reduced when hiatus hernia
develops because the LES is displaced from the diaphrag-
matic hiatus into the chest, and it has been reported that the
likelihood of acid reflux occurring increases when basal LES
pressure decreases and that this effect is amplified according
to the increase in size of the hiatus hernia [52]. A decrease in
LES pressure, however, does not necessarily cause an acid
reflux episode. Even if the LES pressure is hypotensive, in
order for acid reflux to occur, it is necessary for the LES to
open. A physiologic study exploring the role of compliance
in GERD has shown that, in patients with GERD who also
have hiatus hernia, there is an increase of several parameters
in the esophagogastric junction (EGJ) compliance compared
with normal subjects and patients with GERD who do not
have hiatus hernia: (i) the EGJ opens at lower distention
pressure, (ii) the relaxed EGJ opens at distention pressure
that is at or near resting intragastric pressure, and (iii) for a
given distention pressure, the EGJ opens more widely by
approximately 0.5 cm [53]. These alterations of the EGJ in
GERD patients with hiatus hernia may cause an increase in
acid reflux episodes, which is associated with low LES
pressure, swallow-associated normal LES relaxation, and
straining during periods of low LES pressure.

Hiatus hernia also impairs esophageal bolus clearance of
acid. Concurrent pH recording and scintigraphy above the
EGJ show that impaired clearance is caused by refluxate
from the hernia sac during swallowing [54].

The process by which a hiatus hernia develops remains
unclear, but it is possible that there is an inherent weakness
of the phreno-esophageal ligament and a familial clustering
of GERD, which may be related to such an inherent process
[55]. On the other hand, there is also a possibility that
esophagitis itself could contribute to the development of
hiatus hernia by inducing esophageal shortening through
acid-induced contraction of the longitudinal muscles [56].
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